Cobalt-copper nonlocal spin valves are fabricated by shadow evaporation through nanoscale masks. The thickness of Co electrodes is varied and the spin diffusion length of the Cu channel is determined. Short spin diffusion lengths are found in devices with thick ͑Ͼ20 nm͒ Co layers. Co impurities are introduced into the Cu channel in the shadow evaporation process during the fabrication, and the impurities cause spin-flip scattering. The amount of Co impurities can be reduced by decreasing the thicknesses of Co electrodes. Spin diffusion lengths of ϳ400 nm at 295 K and ϳ800 nm at 4.2 K are measured in devices with thin ͑Ͻ10 nm͒ Co layers.
I. INTRODUCTION
Spintronics utilizes the spins of electrons for information storage and processing. 1 The spin valve structures and magnetic tunnel junctions have been extensively used in hard drives, sensors, and memory devices. A nonlocal spin valve 2 ͑NLSV͒ is a unique lateral structure where a pure spin current without net charge current can be generated by the selfdiffusion of spins. The nonlocal measurement has the advantage of a clear interpretation of spin-related physics, and it is explored in both metal-based 3 and semiconductor-based 4 lateral spintronic structures.
Metal-based nonlocal spin valves are typically fabricated using electron beam lithography. The spin signals depend on the device dimensions, the spin injection polarization P 1 of the spin injector ͑F 1 ͒, spin detection polarization P 2 of the spin detector ͑F 2 ͒, and the spin diffusion length s of the nonmagnetic channel. The values of P 1 and P 2 depend on the interfaces between ferromagnetic ͑F͒ and nonmagnetic ͑N͒ materials. The value of s depends on N materials and is limited by spin-orbit scattering, impurity scattering, phonon scattering, grain boundary scattering, and surface scattering. Previous experiments suggest that s is shorter in nanoscale structures than in bulk materials, probably due to more surface scattering, smaller grains, and more impurities. Thus, in nanoscale NLSV structures, these extrinsic factors dominate over intrinsic factors such as spin-orbit scattering. We note that the determination of spin diffusion length using currentperpendicular-to-plane ͑CPP͒ giant magnetoresistance ͑GMR͒ has been conducted in detail. 5 A major difference between the CPP-GMR technique and the NLSV technique is that NLSV is more suitable for the measurement of a longer spin diffusion length ͑e.g., Ͼ100 nm͒ of the nonmagnetic metal.
The NLSV structures can be fabricated by either multilevel lithography combined with ion milling surface cleaning 6 or a shadow evaporation technique through a nanoscale mask 7 made by lithography. Both techniques aim to maintain high quality interfaces between F and N materials.
Shadow deposition has claimed a higher interfacial quality and, therefore, a higher value of spin polarization P as well as a simpler fabrication procedure. However, many NLSV structures fabricated by shadow evaporation suffer from a short s . 7, 8 It is challenging to fabricate NLSV structures with both high values of P and s . In this work, we investigate the origins of spin-flip scattering in Co-Cu NLSV structures fabricated by shadow evaporation and explore the effective reduction of the spin-flip scattering. We have achieved spin signals of 5 m⍀ at 295 K and 7.2 m⍀ at 4.2 K, higher than the values in previously published works on Cu based NLSV structures with similar dimensions. 
II. EXPERIMENT
Electron beam lithography is carried out on two layers of e-beam resists coated on Si wafers to produce the nanoscale shadow mask. The bottom layer of polydimethylglutarimide ͑PMGI͒ has a higher sensitivity than top layer polymethyl methacrylate ͑PMMA͒, resulting in a top layer mask suspended from the overdeveloped bottom layer. 11 The top view of the shadow mask is illustrated in Fig. 1͑a͒ . The widths of the two horizontal slits ͑1 and 2͒ and the vertical slits ͑3͒ are designed to be 150-200 nm. Along the dashed line in Fig.  1͑a͒ , the cross-sectional view is shown in Fig. 2͑b͒ . Co and Cu can be evaporated from different angles. The atomic flux of Co is blocked by the side wall of the PMMA resist for slit 3. Co deposition through slits 1 and 2 is laterally displaced due to the incident angle. After the Co deposition from both sides, AlO x and Cu are evaporated from normal incidence, forming two Co/ AlO x / Cu junctions, which have been shown to enhance the spin injection and detection polarization. 10 The deposition is done in an electron beam evaporation chamber with a base pressure better than 5 ϫ 10 −8 Torr, and the deposition of the entire structure is accomplished without breaking vacuum. The purity of the Cu evaporation source is 99.999%, and the purity of the Co source is 99.95%. A liftoff is carried out to remove the resists after the deposition. A scanning electron microscope ͑SEM͒ picture of a finished NLSV device is given in Fig. 1͑c͒ Six batches of samples with a total number of 20 NLSV devices have been investigated in detail. The differences between batches are the thicknesses of the relevant layers in F 1 and F 2 . A generic description of the layered structures within F 1 and F 2 is given in Fig. 1͑d͒ , which is a cross-sectional view along the dashed line in Fig. 1͑c͒ . In some batches of samples, there is a Cu layer underneath the Co in F 1 and F 2 electrodes to make the devices more robust against static discharge. The thicknesses of the Co layer and the Cu underlayer in F 1 and F 2 are summarized in Table I . Though all the thickness parameters vary to a certain extent between batches, we would like to focus on the correlation between the thickness of Co in F 1 and F 2 and the s of the Cu channel. The thickness of the Cu channel is fixed at 100 nm for all batches. The center-to-center distance between F 1 and F 2 is defined as L, which varies between devices within a batch. It should be noted that for batch A, the F 1 / Cu and F 2 / Cu interfaces are different. There is no AlO x barrier at the F 1 / Cu interface but there is a 2 nm AlO x barrier at the F 2 / Cu interface. For batches B-F, there are 2 nm AlO x layers at both F 1 / Cu and F 2 / Cu interfaces.
The measurement is carried out using a lock-in method. Fig. 2͑a͒ , showing a ⌬R s of 5.0 m⍀. The R s vs H measurement at 4.2 K for a device with L = 200 nm in batch F is shown in Fig. 2͑b͒ , indicating a ⌬R s of 7.2 m⍀. The ⌬R s is determined in the following manner. The R s is taken as the R s value at higher fields ͉͑H͉ Ͼ 0.1 T͒. The R s is taken as the lowest R s value in the troughs of the R s vs H curve. The ⌬R s data presented in Fig.  3 are the average of ⌬R s values from several R s vs H curves measured for each device. In Fig. 2͑b͒ , there is an asymmetry of R s values in the two troughs of the curve. This is likely due to the anisotropy of Co electrodes at low temperature or the exchange bias on Co from the CoO on the surface. As a result, a fully antiparallel state cannot be reached in the field The magnitude of ⌬R s is given by the formula
where is the resistivity of Cu and A is the cross-sectional area of the Cu channel. By fitting the ⌬R s vs L dependence for each batch, we can obtain the value of P 1 P 2 and s . Since the two junctions ͑for batches B-F͒ are fabricated in the same process and the F 1 and F 2 electrodes have similar lateral dimensions and layer thicknesses within a batch, we assume P 1 = P 2 = P. The fittings of ⌬R s vs L at both temperatures are shown as solid straight lines in the semilogarithmic plot in Fig. 3 . We limit the fitting to the devices within each batch, where the materials and interfaces are prepared under the same conditions. Each batch of devices is associated with a particular straight line, except for batch A, where there are only two devices. The resistivity , measured in situ in the NLSV structure, is 1.0-1.3 m⍀ cm at 4.2 K, and a factor of 2.6 larger at 295 K. The actual width ͑150-200 nm͒ and the separation ͑L͒ between F 1 and F 2 are carefully measured in SEM after the spin signal measurements. Except for the device with the shortest L in the batch, the values of ⌬R s used for fitting are adjusted due to the different widths of the Cu channel between devices.
The slope of the fitted straight line for ⌬R s vs L is −1 / s . From Fig. 2͑a͒ , it is obvious that s of batch B is shorter than those of C-E, because ⌬R s for batch B decays faster as L increases. As indicated in Table I , the Co layers for F 1 and F 2 in batch B are both 19 nm, thicker than the Co layers of C-E. The values of s from the fitting are listed in Table I . For batch B, s = 250Ϯ 10 nm at 295 K. Room temperature values of s for C, D, and E are 350Ϯ 20, 350Ϯ 60, and 400 −150 +600 nm, respectively. The Co layers for C-E are thinner, ranging from 7 to 16 nm.
Though the s of C-E are similar, the values of ⌬R s are quite different, as shown in Fig. 2͑a͒ . In other words, the intercept of the ⌬R s vs L plot on the semilogarithmic plot is different between the three batches. The intercept is related to both P and s . However, for C-E, the values of s are similar, so the difference between intercepts implies differences in spin polarization P. The values of P are 9 Ϯ 1% for C, 6 Ϯ 1% for D, and 12Ϯ 5% for E. The differences in P are due to the different thicknesses of the Cu underlayer in F 1 and F 2 . The Cu underlayers, as shown in Fig. 1͑d͒ , can be in electrical contact with the Cu channel, giving rise to an unpolarized leakage current, which reduces the effective spin polarization. Batch D, with the lowest ratio between Co thickness and Cu underlayer thickness, has the lowest spin polarization of 6%. The spin polarization for batch B, which has no Cu underlayer, is 13Ϯ 1% at 295 K, higher than for C, D, or E. A more quantitative understanding of batch A can be gained by assuming P 1 Ͼ 7% ͑Ohmic Co/Cu interface͒ and P 2 = 15% ͑Co/ AlO x / Cu interface͒. Then we deduce s Ͻ 170 nm at 295 K from the two devices.
The low temperature ͑4.2 K͒ data and fitting for batches B, C, and F are shown in Fig. 3͑b͒ . The values of s for B, C, and D are 339Ϯ 1, 860Ϯ 40, and 820 −170 +300 nm, respectively. This result again confirms that NLSV structures with thin Co layers have longer s for the Cu channel.
III. DISCUSSION
In this article, we offer an explanation for the correlation between the thicknesses of Co layers and s of the Cu channel. The amount of Co impurities in the Cu channel of the NLSV device is related to the Co layer thickness. As shown in Fig. 1͑b͒ , there is an accumulation of Co materials on the vertical sidewalls of the PMMA resists during Co deposition. When the Cu is evaporated from normal incidence, the atomic flux of Cu has to pass through the accumulated Co on the edge. The average atomic velocity of the evaporated Cu is 1000-1500 m/s, corresponding to an average kinetic energy between 0.33 and 0.74 eV. 13 Statistically, the kinetic energies of a small fraction of the evaporated Cu atoms exceed the cohesive energy of Co metal ͑4.4 eV for hcp Co͒. purities in the Cu channel. Co impurities induce spin-flip scattering and limit the s of the Cu channel. By reducing the thicknesses of Co layers, the amount of Co accumulation on the sidewall of the resist is minimized, and thus, there are less Co impurities implanted in the Cu channel.
The presence of Co impurities explains the weak temperature dependence of s in batch B. Spin-flip scattering due to magnetic impurities dominates over other spin-flip mechanisms such as phonon, defect, and surface scattering. The scattering rates of magnetic impurities should be only weakly temperature-dependent. The s of devices with thin Co layers increase at least by a factor of 2 when cooling down from 295 to 4.2 K ͑e.g., batch C͒. With thin Co layers, phonon spin-flip scattering dominates at room temperature, and it will be subdued at a low temperature.
IV. CONCLUSION
In conclusion, we have investigated NLSV devices fabricated by shadow evaporation with different Co layer thicknesses. The devices with thin Co layers exhibit longer spin diffusion length compared to devices with thick Co layers. Co impurity atoms are introduced into the Cu channel of NLSV during the shadow evaporation procedure. Reduction in the Co layer thickness effectively decreases the amount of the Co impurities and, thus, increases the spin diffusion length to Ͼ800 nm at 4.2 K and to ϳ400 nm at 295 K. A large room temperature spin signal over 5 m⍀ is achieved with Ͻ10 nm Co layers as magnetic electrodes.
